Congenital retardation of renal development may increase the risk of renal disease, and this risk may be enhanced by diseases, such as diabetes, that damage the kidney. In this study, the prevalence of urinary albumin excretion, determined in 308 Pima Indians with type 2 diabetes, was 63% in subjects with low birth weight (<2,500 g), 41 % in those with normal birth weight (2,500-4,499 g), and 64% in those with high birth weight (>4,500 g). When examined as a continuous variable by generalized additive logistic regression, birth weight had a U-shaped association with the prevalence of elevated urinary albuminuria (p = 0.04) after adjustment for age, sex, duration of diabetes, glycosylated hemoglobin, and blood pressure. The odds of elevated albuminuria in subjects of low birth weight was 2.3 times (95% confidence interval 0.72-7.2) that in subjects of normal birth weight, and the odds in subjects of high birth weight was 3.2 times (95% confidence interval 0.75-13.4) as high. Sixty-four percent of the subjects with high birth weight and none of those with low birth weight were offspring of diabetic mothers. After maternal diabetes during pregnancy was controlled for, the odds of elevated albuminuria in subjects of high birth weight was no longer higher (odds ratio = 1.0, 95% confidence interval 0.22-4.9). The higher prevalence of elevated albuminuria in diabetic Pima Indians with high birth weight may be due to intrauterine diabetes exposure, whereas the higher prevalence in those with low birth weight may be due to the effects of intrauterine growth retardation. Am J Epidemiol 1998; 148:650-6.
Low birth weight contributes to the development of several chronic diseases, including ischemic heart disease (1), chronic obstructive pulmonary disease (2), diabetes (3, 4) , hypertension (5) , and renal disease (6) . The relation with renal disease may be attributable to a relative deficit in the number of glomeruli, perhaps due to impaired somatic growth in utero. Infants of low birth weight have fewer glomeruli than do those of normal birth weight (7) , and an acquired reduction in the number of glomeruli, as seen after surgical removal of kidney mass, increases the risk of progressive renal injury (8) .
Results of two studies suggest that low birth weight may contribute to the development of nephropathy in type 1 diabetes. Rossing et al. (9) reported an increased risk of diabetic nephropathy among women of low birth weight (^2,700 g). They also found that men with diabetic nephropathy were shorter than those with micro-or normoalbuminuria and suggested that short stature may reflect factors operating in utero that contribute to the development of diabetic nephropathy (10) . The relation between birth weight and renal disease in type 2 diabetes is unknown. Our study examines this relation in Pima Indians with type 2 diabetes.
MATERIALS AND METHODS

Pima Indians and closely-related Tohono O'odham
Indians from the Gila River Indian Community in Arizona participate in a longitudinal diabetes study (11) . Since 1965, each member of the Community aged 5 years or more has been asked to have a research examination every 2 years. A total of 308 diabetic subjects of known birth weight who were aged 20 years or more and had at least one examination in which urinary albumin excretion was measured were included in this study. The last examination with the required data was used. For subjects born before 1965, the birth weights were obtained retrospectively by review of clinical records, and for those bom in 1965 or later, they were obtained prospectively. Seventyfive percent of those born during the period of pro- Each research examination includes a glucose tolerance test with determination of the glucose concentration in venous plasma drawn after an overnight fast and 3 hours after a 75-g oral carbohydrate load. Diabetes was defined on the basis of the results of the oral glucose tolerance test, according to criteria of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus (13) . The date of diagnosis was determined from the research examinations or from review of clinical records if diabetes was diagnosed in the course of routine medical care. Maternal diabetes during pregnancy was determined in all but seven of the subjects from these examinations. Twenty-two of the subjects were known to be the offspring of diabetic mothers. The remaining 279 subjects were considered offspring of nondiabetic mothers. In 222 (80 percent) of these subjects, the mothers had a nondiabetic glucose tolerance test after delivery, and in the other 57 (20 percent), diabetes was diagnosed at the first examination after delivery, but the mother gave no previous history of diabetes, and there was no diagnosis of diabetes in her clinical record at the time of pregnancy.
Blood pressure is measured to the nearest 2 mmHg with a mercury sphygmomanometer while the subject rests in the supine position. Diastolic blood pressure is measured at the fourth Korotkoff sound. Mean arterial blood pressure was calculated as the diastolic pressure plus one third of the pulse pressure.
Urine specimens collected at the end of the 2-hour glucose tolerance test are assayed for albumin with a nephelometric immunoassay (14) . Creatinine concentration is measured in the same specimen by using a modification of the picrate method of Jaffe as described by Chasson et al. (15) , and an albumin-tocreatinine ratio (milligrams of albumin/grams of creatinine) is computed. Elevated urinary albumin excretion was defined as an albumin-to-creatinine ratio of 30 mg/g or more (16) .
Plasma glucose concentrations are measured with an autoanalyzer by using the potassium ferricyanide method. The stable fraction of total glycosylated hemoglobin (HbA,) was measured until December 31, 1989, by agar gel electrophoresis (17) , after which HbA ]c was measured by high-performance liquid chromatography (18) . Among 133 subjects (not all from this study) in whom both variables were measured, the correlation between the two measures was very high (r = 0.92, p = 0.0001). The linear regression formula from this comparison (HbA ]c = 0.99 X HbA, -1.535) was used to estimate HbA lc in the 41 subjects from this study in whom HbA, alone was measured.
Statistical analysis
The crude (unadjusted) relation between birth weight and elevated urinary albumin excretion was examined by dividing the subjects into six categories according to birth weight and computing the prevalence of elevated urinary albumin excretion in each of these categories. The relation was also evaluated by generalized additive logistic regression analysis to control for the effects of potentially confounding variables and to examine the shape of the association without making strong assumptions. The conventional linear logistic model assumes that the log odds are linear:
The additive model, a generalization of the linear regression model, replaces the usual linear function of a continuous covariate with an unspecified sum of smooth functions, log-.
which are estimated iteratively through the use of scatterplot smoothers (19) . This modeling approach has the flexibility to examine anticipated nonlinearities in the data, thereby reducing the risk of model misspecification. Hence, it provides information about the relation of interest that is not revealed by the use of standard modeling techniques (19, 20) , and it is superior to standard categorical analysis, which may not adequately describe the trends in the data and does not make efficient use of within-category information (20) .
Generalized additive modeling is capable of handling both linear and smoothed terms. Smoothed terms were used for age and sometimes birth weight, but not for duration of diabetes, mean arterial pressure, or HbA lc , since inspection of additive function plots and statistical testing of the nonlinearity of effect suggested that only the first two variables had important nonlinear associations with the outcome. Continuous
Am J Epidemiol Vol. 148, No. 7, 1998 variables included in the regression models were centered at their mean values, and categorical variables were coded so that the largest category was the reference group. Product terms of independent variables did not improve the regression models and were not included. Pointwise standard-error bands for the smoothed terms were computed as described by Hastie and Tibshirani (19) .
Two indicator variables were used for birth weight in some models. The first indicator was given a value of 1 if the subject had a low birth weight (<2,500 g) and 0 if not and served as an indication of the effect of low birth weight compared with normal birth weight (2,500-4,499 g). The second indicator variable was assigned a value of 1 if the subject had high birth weight (^4,500 g) and 0 if not and served as an indication of the effect of high birth weight compared with normal birth weight. Covariate-adjusted prevalences of elevated urinary albumin excretion according to birth weight were calculated from the fitted regression models by setting the values of the covariates to the sample means (21) .
RESULTS
Clinical and demographic features of the study population are shown in table 1. Of the 308 diabetic subjects aged 20-61 years, 132 (53 men, 79 women; 43 percent) had elevated urinary albumin excretion. Figure 1 shows the crude (unadjusted) prevalence of elevated urinary albumin excretion according to cate-2000 2500 3000 3500 4000 4500 5000
Birth Weight (g) FIGURE 1. Crude prevalence, by birth weight, of elevated urinary albumin excretion (albumin-to-creatinine ratio £30 mg/g) in diabetic Pima Indians from the Gila River Indian Community In Arizona, 1983-1996. Prevalence was calculated in six categories of birth weight (<2,50O, 2,500-2,999, 3,000-3,499, 3,500-3,999, 4,000-4,499, and ^4,500 g), and bars were plotted at the mean birth weight within each category. The number of subjects in each category is shown.
gories of birth weight. The prevalence had a U-shaped relation, with the highest prevalence in those with the lowest and highest birth weights. In subjects with low birth weight (<2,500 g), the prevalence of elevated albumin excretion was 50 percent in men (three of six) and 70 percent in women (seven of 10). In those with high birth weight (>4,500 g), the prevalence was 67 percent in men (three of three) and 63 percent in women (five of eight). In a generalized additive logistic model that included birth weight modeled as two (8) 173 (7) 161 (6) 33 (7) 38 (9) 5.9 (6.4) binary variables, the odds of elevated albumin excretion in subjects of low birth weight (< 2,500 g) was 2.3 times (95 percent confidence interval 0.72-7.2) that in subjects of normal birth weight (2,500-4,499 g), and the odds in subjects of high birth weight (^4,500 g) was 3.2 times (95 percent confidence interval 0.75-13.4) as high, controlling for age, sex, duration of diabetes, HbA, c , and mean arterial pressure (table 2) . When examined as a continuous variable in a generalized additive logistic regression model, birth weight predicted the prevalence of elevated urinary albumin excretion after adjustment for age, sex, duration of diabetes, HbA lc , and mean arterial pressure (p = 0.04). The adjusted analysis yielded a U-shaped association, as did the crude analysis, with the highest risk of elevated albumin excretion in subjects of low and high birth weight (figure 2), supporting our use of a model with binary variables in table 2. In the smoothed figure, the standard error curves at the ends of the distribution are very wide, reflecting the small number of subjects with low or high birth weight. The nonlinear relation was stronger in the women than in the men, consistent with the smaller number of men in the study at the extremes of birth weight (test for nonlinearity: p = 0.02 in women, p = 0.69 in men). The sexes were modeled together, since none of the product terms between sex and other covariates in the model suggested that the effect of the other variables differed by sex.
Maternal diabetes status during pregnancy was known in 301 (98 percent) of the subjects. Among the 279 subjects who were the offspring of nondiabetic mothers and were not exposed to diabetes in utero, 116 (42 percent) had elevated urinary albumin excretion. Among the 22 subjects who were the offspring of diabetic mothers and were exposed to diabetes in utero, 16 (73 percent) had elevated urinary albumin excretion, and seven (32 percent) had birth weights of 4,500 g or more; they constituted 64 percent (seven of 11) of those with high birth weights. None of the subjects with birth weights of less than 2,500 g were exposed to diabetes in utero. In a generalized additive logistic model that included maternal diabetes during pregnancy as a covariate and birth weight modeled as two binary variables, the odds of elevated albumin * Odds ratio for the number of units shown in parentheses. All odds ratios are adjusted for age in addition to the other variables in the model. Owing to nonlinearities in the effect of age (p » 0.04; test for nonlinearity), a smoothed term was used for age in each regression model, and an odds ratio was not computed. excretion in subjects of low birth weight remained higher than in those of normal birth weight (odds ratio = 2.5, 95 percent confidence interval 0.77-7.9), whereas the odds of elevated albumin excretion in those of high birth weight were no longer higher (odds ratio = 1.0, 95 percent confidence interval 0.22-4.9) (table 2). The results were unchanged when the 57 subjects who were considered to be offspring of nondiabetic mothers, but whose mothers were diagnosed with diabetes at the first examination after delivery, were excluded from the analysis (data not shown).
DISCUSSION
Higher prevalences of elevated urinary albumin excretion were found at both extremes of the birth weight distribution in Pima Indians with type 2 diabetes, suggesting that different factors may be involved in elevating the risk of renal disease in people of low and high birth weight. Brenner and Chertow (6) proposed that people of low birth weight are at increased risk of renal disease because their glomerular filtration surface area is lower than it is in people of normal birth weight. They proposed that reduced filtration capacity, a consequence of fewer or smaller glomeruli, leads to elevated intraglomerular and systemic blood pressure later in life and, in turn, to glomerular injury and glomerulosclerosis. The effect of diabetes that, like hypertension, leads to glomerular injury, glomerulosclerosis, and loss of renal function may be accelerated in people of low birth weight and lead to a higher prevalence of elevated urinary albumin excretion (6) .
Several studies support the hypothesis that renal impairment can be a consequence of intrauterine growth retardation. The offspring of female rats exposed to protein restriction during pregnancy have fewer and smaller glomeruli than do those exposed to a normal protein diet in utero (22, 23) . In humans, Hinchliffe et al. (7) found that infants with birth weights below the 10th percentile had, on average, a 35 percent reduction in the number of nephrons compared with infants of normal birth weight. Nyengaard et al. (24) found no relation between birth weight and glomerular number in 45 patients at autopsy, but none of the subjects were of low birth weight (<2,500 g). On the other hand, they reported that type 1 diabetic patients with severe diabetic glomerulopathy have fewer glomeruli than do patients with mild or no glomerulopathy, a finding that could be due either to a lower number of glomeruli at birth or to loss of glomeruli as a result of diabetes or both (25) .
An increased risk of persistent albuminuria (s300 mg/24 hours) was found in women of low birth weight with type 1 diabetes. In a study of 184 diabetic patients, Rossing et al. (9) reported that 75 percent of the women below the 10th percentile of birth weight (^2,700 g) had persistent albuminuria compared with 35 percent of those above the 90th percentile. By contrast, 50 percent of the men below the 10th percentile (^2,910 g) and 54 percent of those above the 90th percentile (^4,200 g) had elevated albuminuria. Although the authors concluded that birth weight had no effect on the risk of renal disease in men, they compared only the highest and lowest deciles. Consequently, an important nonlinear relation, such as the one found in our study, could be concealed by their analysis. Indeed, had we compared only the prevalence of elevated urinary albumin excretion in the groups with low and high birth weight (63 vs. 64 percent), we would have concluded that there was no relation between birth weight and renal disease in type 2 diabetes.
Maternal diabetes during pregnancy is a positive risk factor for high birth weight, and it often leads to earlier development of diabetes in the offspring (4, 11, 12, 26, 27) . In our study, the higher prevalence of elevated urinary albumin excretion in subjects of high birth weight was explained largely by the presence of maternal diabetes during pregnancy, suggesting that intrauterine exposure to diabetes is not only a risk factor for diabetes, but it is also a risk factor for renal disease once diabetes develops. We are not aware of any data concerning the nephron number in offspring of diabetic pregnancies. None of the subjects of low birth weight were exposed to diabetes during pregnancy. Thus, a diabetic intrauterine environment was not a risk factor for elevated urinary albumin excretion in this group, nor is it a confounder of the low birth weight effects on renal disease.
Duration of diabetes, level of glycemia, and blood pressure may each be influenced by low birth weight, and each is a risk factor for renal disease in diabetic subjects. This suggests that they are intermediate variables in the causal pathway between birth weight and renal disease. Controlling for these variables, therefore, may bias the estimated effect of birth weight. On the other hand, failure to control for the confounding effects of these variables may also bias the results, as they are risk factors for renal disease regardless of birth weight (28) . The extent to which these variables are both confounders and intermediates in this relation is unknown, but results of regression analyses that did not control for them did not change the overall conclusions of the study (data not shown).
Inferences regarding disease etiology based on cross-sectional studies are subject to a number of limitations. First, cases with long survival are overrepresented, and those with short survival are underrepresented. Differences in survival according to birth weight could lead to either an underestimate or an overestimate of the effect of birth weight on renal disease. Second, cross-sectional measures of timedependent variables, such as blood pressure and level of glycemia, may be unreliable proxies for the relevant past exposures. Consequently, in controlling for these covariates, the validity of the study will be reduced to the extent that the previous covariate exposures of subjects differ from current exposures. Birth weights were available for only 19 percent of diabetic Pima Indians aged 20 years or more who had a research examination in which urinary albumin excretion was measured. Unless the birth weights of low-birthweight infants destined to develop diabetes and nephropathy were selectively recorded, the incomplete ascertainment should not affect the validity of the results.
In conclusion, a U-shaped association between birth weight and elevated urinary albumin excretion was found in diabetic Pima Indians. We propose that this relation is due to the effects of maternal diabetes during pregnancy in those of high birth weight and to the effects of intrauterine growth retardation in those of low birth weight. Since only 8 percent of the subjects in this study had birth weights of less than 2,500 g or of 4,500 g or more, the proportion of cases attributable to the extremes of birth weight is small, and effects are estimated imprecisely. Nevertheless, factors operating in utero appear to contribute to the extraordinary rate of diabetic renal disease found in Pima Indians with type 2 diabetes.
